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Modification of Glial±Neuronal Cell Interactions
Prevents Photoreceptor Apoptosis
during Light-Induced Retinal Degeneration
(Heckenlively et al., 1991). In addition, in a type of Dro-
sophila model of RP, photoreceptor degeneration does
not occur if the flies were reared in complete darkness
(Steele and O'Tousa, 1990). RP is characterized by the
progressive loss of photoreceptors, resulting in night
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members of the nerve growth factor (NGF) family of
Summary neurotrophins rescue photoreceptors in animal models
of both inherited and light-induced retinal degeneration
Prolonged or high-intensity exposure to visible light (Lambiase and Aloe, 1986; LaVail et al., 1992, 1998; Caffe
leads to photoreceptor cell death. In this study, we et al., 1993). Control of cell survival by neurotrophins is
demonstrate a novel pathway of light-induced photo- mediated by two types of transmembrane glycopro-
receptor apoptosis involving the low-affinity neuro- teins, the Trk tyrosine kinase receptors (TrkA, TrkB, and
trophin receptor p75 (p75NTR). Retinal degeneration TrkC) and the neurotrophin receptor p75 (p75NTR) (Bar-
upregulated both p75NTR and the high-affinity neuro- bacid, 1994; Kaplan and Stephens, 1994). Neurotrophins
trophin receptor TrkC in different parts of MuÈ ller glial act in neural cell survival by activating Trk tyrosine ki-
cells. Exogenous neurotrophin-3 (NT-3) increased, but nases, downstream of which a ras-dependent pathway
leads to the activation of mitogen-activated proteinnerve growth factor (NGF) decreased basic fibroblast
(MAP) kinases (Greene and Kaplan, 1995; Yoon et al.,growth factor (bFGF) production in MuÈ ller cells, which
1998). However, given that neurotrophin receptors arecan directly rescue photoreceptor apoptosis. Block-
absent from rat photoreceptors (Chakrabarti et al., 1990;ade of p75NTR prevented bFGF reduction and resulted
Rickman and Brecha, 1995; Ugolini et al., 1995; Rickmanin both structural and functional photoreceptor sur-
and Rickman, 1996; Cellerino and Kohler, 1997), thevival in vivo. Furthermore, the absence of p75NTR signifi-
mechanism of photoreceptor survival via neurotrophinscantly prevented light-induced photoreceptor apo-
has remained unclear. In the present study, we demon-ptosis. These observations implicate glial cells in the
strate the photoreceptor-specific expression of trkCdetermination of neural cell survival, and suggest func-
genes in light-degenerated retina using laser capturetional glial±neuronal cell interactions as new therapeu-
microdissection (LCM).tic targets for neurodegeneration.
Contrary to the action of neurotrophins on Trk recep-
tors, p75NTR can induce apoptosis, and in fact this mech-Introduction
anism appears to be essential for developmentally regu-
lated cell death in peripheral and central neuronsRecently, the problem of phototoxicity has become a
(Rabizadeh et al., 1993; Casaccia-Bonnefil et al., 1996;
focus of interest in the study of eye and skin diseases
Frade et al., 1996; Bredesen and Rabizadeh, 1997). How-
(Glass, 1990; Brash, 1996). Photoreceptors exposed to
ever, participation of p75NTR in pathological cell death
excessive levels of light are known to undergo apoptosis during neurodegeneration has not been demonstrated.
(Noell, 1980; Harada et al., 1996, 1998a; Hafezi et al., We now show that upregulation of p75NTR occurs in glial
1997; Reme et al., 1998). Phototoxicity is also prevalent cells, but not in photoreceptors, and that blockade of
in inherited human diseases of the retina, such as retini- this receptor during light-induced retinal degeneration
tis pigmentosa (RP), and repeated exposure of affected results in both structural and functional photoreceptor
patients to bright light amplifies photoreceptor death survival in vivo. These results suggest an indirect path-
way of functional glial±neuronal cell interactions during
photoreceptor degeneration. Glial±neuronal interactions6 To whom correspondence should be addressed (e-mail: harada@
in retina have been proposed on the basis of electro-ncnp.go.jp).
7 These authors contributed equally to this work. physiological (Newman and Reichenbach, 1996) and de-
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Figure 1. Upregulation of TrkC and p75NTR in
the Light-Degenerated Rat Retina
(A) Continuous light exposure for 35 days de-
creased photoreceptor cell number and ONL
thickness. Whole retina and cells residing in
ONL extracted by using LCM were processed
for RT±PCR analysis.
(B) Results of RT±PCR analysis of whole
retina. Note the upregulation of TrkC and
p75NTR during light-induced retinal degenera-
tion (lane 2).
(C) Results of RT±PCR analysis of cells in the
ONL and INL. Note the expression of TrkC in
the ONL during light-induced retinal degener-
ation (lane 5).
Abbreviations: GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer.
velopmental (Neophytou et al., 1997) studies, but the 0.01) (lanes 1 and 2 in Figure 1B). However, this was not
the case for TrkA (149% 6 69%, n 5 8) and TrkB (127% 6biological consequences are not completely under-
stood. Our work suggests a possible mechanism by 18%, n 5 8). When rats were raised under continuous
illumination from P2 to P21, followed by LD 12:12 fromwhich glial cells contribute to photoreceptor cell survival
during degenerative processes. P22 to P35, retinal degeneration did not progress after
P22. In these animals, the expression of TrkC and p75NTR
was normal (lane 3 in Figure 1B). ImmunohistochemicalResults
analysis showed a differential distribution for these two
neurotrophin receptors in the light-reared retina. TrkCLight-Induced Retinal Degeneration Upregulates
Neurotrophin Receptors in MuÈ ller Glial Cells was enhanced in the inner plexiform layer (IPL) (Figure
2B), whereas p75NTR expression was enhanced in theTo determine whether light-induced photoreceptor de-
generation affects the neurotrophin receptor genes outer nuclear layer (ONL), which is composed of photo-
receptor nuclei (Figure 2E). Double-labeling immunoflu-within rat retina, we first determined the level of expres-
sion of these genes using quantitative reverse transcrip- orescence studies using specific antibodies against
MuÈ ller glial cells demonstrated that TrkC upregulationtion±polymerase chain reaction (RT±PCR) analysis. We
found that photoreceptor degeneration in the retina of occurred within distal MuÈ ller cell processes (Figure 2C),
whereas p75NTR immunoreactivity was localized to proxi-light-reared animals begins after postnatal day 21 (P21),
and that about half of the photoreceptor nuclei had dis- mal MuÈ ller cell processes (Figure 2F).
appeared at P35 (Figure 1A) (Harada et al., 1998a). At
P35, the expression of TrkC (150% 6 14%, n 5 4) and Light-Induced Retinal Degeneration Upregulates
TrkC in Photoreceptorsp75NTR (182% 6 16%, n 5 4) in light-damaged retina was
significantly upregulated compared with normal retina We could detect the upregulation of TrkC and p75NTR
in MuÈ ller cells; however, we were unable to determinereared under a 12 hr light/dark cycle (LD 12:12) (p ,
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blocking studies were performed using REX antiserum
directed toward the extracellular domain of the p75NTR
(Weskamp and Reichardt, 1991). In contrast to the effect
of NT-3 blocking antibody and K252a, REX decreased
photoreceptor cell death by z26% (Table 1 and Figure
3E). NT-3 blocking antibody, K252a, and REX had no
significant effect on retinae from LD 12:12 control ani-
mals at P35 (Table 1).
Effects of REX and K252a on the Production
of Trophic Factors during Light-Induced
Retinal Degeneration In Vivo
As shown above, TrkC and p75NTR had opposite effect
on photoreceptor apoptosis during retinal degeneration.
One possible mechanism is that REX and K252a may
change the release amount of trophic factors from MuÈ ller
cells. For example, ciliary neurotrophic factor (CNTF)
and basic fibroblast growth factor (bFGF) can directly
Figure 2. Differential Distribution of TrkC and p75NTR in the Light- stimulate photoreceptor survival (Faktorovich et al.,
Degenerated Rat Retina 1990; LaVail et al., 1992; Cao et al., 1997; Cheng et al.,
(A±C) Immunohistochemical analysis of TrkC in the normal (A) and 1998; Fontaine et al., 1998). Another scenario is that
light-degenerated (B and C) rat retina. toxic agents such as tumor necrosis factor (TNF) and
(D±F) Immunohistochemical analysis of p75NTR in the normal (D) and
inducible nitric oxide synthase (iNOS) produced bylight-degenerated (E and F) rat retina.
MuÈ ller cells (Goureau et al., 1994; Cotinet et al., 1997)In the light-degenerated retina, TrkC immunoreactivity was en-
hanced in the IPL (arrowheads in [B]), whereas p75NTR immunoreac- may be affected by REX and K252a treatment. So, we
tivity was enhanced in the ONL (E). These cells were double labeled examined whether intraocular treatment of REX and
with glutamine synthetase (GS) (yellow) (C and F). Abbreviations: K252a affect the expression levels of these four genes
GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear in the whole retina. We injected REX or K252a into the
layer; ONL, outer nuclear layer. Scale bar, 30 mm.
vitreous at P32 and extracted total RNA at P35 from the
light-degenerated retina. As shown in Figure 4, REX
whether the upregulation of these receptors occurred increased (135% 6 8%, n 5 3) but K252a decreased
in photoreceptors. To address this important question, (72% 6 15%, n 5 3) bFGF production. However, they
we examined photoreceptor-specific gene expression had no significant effect on CNTF, TNF, and iNOS pro-
using LCM (Luo et al., 1999). For this purpose, total RNA duction. We also examined bFGF protein levels in the
was extracted from cells residing in the ONL only (Figure whole retina. Consistent with the mRNA levels, REX
1A). In fact, these cells contained photoreceptor-spe- increased (149% 6 12%, n 5 3) but K252a decreased
cific rhodopsin genes, but not MuÈ ller cell±specific gluta- (66% 6 11%, n 5 3) bFGF protein levels. Furthermore,
mine synthetase genes (Harada et al., 1998b) (lanes 4 we examined the effect of exogenous NGF and NT-3 for
and 5 in Figure 1C). Another control experiment was bFGF production (Figure 4). Consistent with the effect
done using cells residing in the inner nuclear layer (INL) of REX and K252a, NGF decreased bFGF production
only. In contrast to the cells in the ONL, they expressed (82% 6 4%, n 5 3) and NT-3 increased bFGF production
glutamine synthetase genes but not rhodopsin genes (116% 6 9%, n 5 3), respectively.
(lane 6 in Figure 1C). So, we examined photoreceptor-
specific neurotrophin receptor gene expressions by uti-
lizing total RNA from ONL. As shown in Figure 1C, all Analysis of bFGF Production in MuÈ ller Cells In Vitro
While bFGF production in the whole retina was affectedfour neurotrophin receptor genes were absent in the
normal ONL (lane 4). However, in light-degenerated by the treatment with REX and K252a, we were unable
to determine whether it really occurred within MuÈ llerONL, TrkC expression was induced, although this was
not the case for TrkA, TrkB, and p75NTR (lane 5 in Fig- cells. To address this important issue, we examined
bFGF production level in cultured MuÈ ller cells (Figureure 1C).
5A). These cultured cells expressed all four neurotrophin
receptors to varying degrees (Figure 5B). When stimu-Neurotrophin Receptors Have Opposite Effects
on Photoreceptor Apoptosis lated by NT-3, bFGF production was upregulated
(131% 6 9%, n 5 3), and the increase was abolishedThe differential distribution of TrkC and p75NTR prompted
us to examine the functions of these two neurotrophin by pretreatment with K252a and NT-3 blocking antibody
(Figure 5C). In contrast to NT-3, NGF treatment de-receptors. The effect of TrkC was addressed by injecting
the Trk-specific inhibitor K252a into the vitreous at P32 creased bFGF production (57% 6 8%, n 5 3), and this
decrease was further pronounced when combined withand assessing cell death at P35. In the light-reared ret-
ina, K252a treatment elicited an 80% increase in cell K252a (27% 6 8%, n 5 3) (Figure 5C). However, the
decrease in bFGF was almost completely ameliorateddeath (Table 1), mainly in the ONL and not in the inner
nuclear layer (INL) where MuÈ ller cell nuclei are located by pretreatment with REX antiserum.
To determine whether bFGF produced in MuÈ ller cells(Figure 3D). In addition, neurotrophin-3 (NT-3) blocking
antibody also increased photoreceptor cell death (Fig- is really secreted to the surrounding cells, we next exam-
ined bFGF concentration in the culture media. As shownure 3C and Table 1) as well as K252a. Similar receptor
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Table 1. Cell Death in Rat Retina after K252a, NT-3 Blocking Antibody, and REX Treatments
Control K252a NT-3 blocking antibody REX
LD 12:12 1.02 6 0.36 (n 5 4)a 1.11 6 0.35 (n 5 4) Ð Ð
LD 12:12 1.00 6 0.15 (n 5 4)b Ð 1.07 6 0.31 (n 5 4) Ð
LD 12:12 1.00 6 0.27 (n 5 4)c Ð Ð 1.09 6 0.36 (n 5 8)
Light-reared 0.94 6 0.37 (n 5 4)a 1.78 6 0.40** (n 5 8) Ð Ð
Light-reared 1.00 6 0.04 (n 5 4)b Ð 1.36 6 0.13* (n 5 4) Ð
Light-reared 1.00 6 0.27 (n 5 4)c Ð Ð 0.74 6 0.22* (n 5 8)
Soluble nucleosomes were quantified in retinae from control, K252a, NT-3 blocking antibody, and REX-treated P35 rats. For each determination,
the absorbance obtained in controls was normalized to a value of 1.
LD 12:12; 12 hr light: 12 hr dark cycle.
a Controls were injected with PBS.
b Controls were injected with normal sheep IgG.
c Controls were injected with normal rabbit IgG.
** p , 0.01, * p , 0.05 (Student's t test).
in Figure 5D, extracellular bFGF concentration was in- 6H). These results indicate that blockade of p75NTR re-
sults in a structural photoreceptor rescue during light-creased after NT-3 treatment (135% 6 11%, n 5 3)
but abolished by K252a and NT-3 blocking antibody. induced retinal degeneration. We next examined the
physiological function of the REX-treated retina usingContrarily, bFGF concentration was decreased after
NGF treatment (46% 6 13%, n 5 3) and ameliorated by single-flash electroretinograms (ERGs) (Table 2). The
a-wave arises principally from photoreceptors, whereasREX antiserum. These results are consistent with the
amount of bFGF production in MuÈ ller cells (Figure 5C). the b-wave originates mainly in ON bipolar cells. In reti-
nae that were nearly completely light damaged, no a-Thus, the expression of TrkC and p75NTR in MuÈ ller cells
seems to have opposite effects on bFGF production or b-waves were detected (Figure 6E). REX treatment
prevented the loss of both a- and b-waves (Figure 6F)and secretion and, furthermore, on photoreceptor cell
survival in degenerated retinae. compared with normal retina (Figure 6D). The similar
results were also obtained at a lower illumination inten-
sity. The difference in the extent of rescue between a-Blockade of p75NTR Prevents Light-Induced
and b-waves (Table 2) may reflect the severe damagePhotoreceptor Apoptosis In Vivo
of the ONL relative to intact inner retina. Thus, ERG dataThe fact that REX antiserum reduced photoreceptor cell
indicate that blockade of p75NTR results not only in aapoptosis (Figure 3) and prevented bFGF reduction (Fig-
structural rescue of photoreceptors but in a functionalures 4 and 5) in light-degenerated retina suggests that
rescue as well.repeated blockade of p75NTR may have a long-term effect
upon photoreceptor cell survival. To examine this hy-
pothesis further, we injected REX at P21, the onset of
Absence of p75NTR Prevents Light-Inducedphotoreceptor degeneration, and examined its protec-
Photoreceptor Apoptosis In Vivotive effect histologically at P31 and P42 (Figure 6G). In
Our present results demonstrated that p75NTR is involveduninjected eyes, and in control eyes injected with normal
in light-induced photoreceptor apoptosis. To make ourrabbit IgG, the ONL thickness (an index of photoreceptor
study more definitive, we carried out similar experimentscell number) was severely reduced at both P31 and P42
using p75NTR knockout (p752/2) mice. These mice were(Figures 6B, 6G, and 6H). Eyes given a single injection
generated by backcrossing five or more times to C57BL/of REX at P21 retained considerably more photorecep-
6J inbred mice. At first we compared the retinal apo-tors at P31 compared with contralateral control eyes,
ptosis in p752/2 mice with those of C57BL/6J (p751/1)but this was not the case at P42 (Figure 6G). However,
mice. Although these animals were not littermates, reti-an additional injection of REX at P28 prolonged the pro-
tection of photoreceptors to P42 (Figures 6C, 6G, and nal apoptosis in p752/2 mice was normal compared with
Figure 3. TUNEL Stainings of P35 Rat Retina
(A) No TUNEL-positive cells were present in
the normal retina.
(B) TUNEL-positive cells were observed in the
ONL of light-degenerated retina.
(C) Light-degenerated retina pretreated at
P32 with NT-3 blocking antibody.
(D) Light-degenerated retina pretreated at
P32 with the Trk-specific inhibitor K252a.
(E) Light-degenerated retina pretreated at
P32 with REX antiserum directed toward
p75NTR.
Note the dramatic increase in the number of
TUNEL-positive cells after the treatment with NT-3 blocking antibody (C) and K252a (D), and the decrease after REX treatment (E). Abbreviations:
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar, 30 mm.
Glia±Neuron Interaction during Retinal Degeneration
537
Figure 4. Effects of REX and K252a on the Production of Trophic
Factors during Light-Induced Retinal Degeneration In Vivo
Results of three independent experiments are presented as mean 6
SEM (*p , 0.05, Student's t test). Note the bFGF upregulation after
REX and NT-3 treatment, as well as bFGF reduction after NGF and
K252a treatment.
p751/1 mice. Because light-induced photoreceptor de-
generation in pigmented mice is very slow, we examined
the retinal apoptosis after intensive light exposure (5000
lux for 2 hr; Hafezi et al., 1997). As shown in Figure 7, our
quantitative analysis demonstrated that light exposure
dramatically increased retinal apoptosis (352% 6 87%,
n 5 6) (p , 0.01) in p751/1 mice. However, in light-reared
p752/2 mice, retinal apoptosis was significantly reduced
(263% 6 34%, n 5 6) (p , 0.05) compared with p751/1
mice (Figure 7). These results suggest that p75NTR
is involved in light-mediated photoreceptor apoptosis
in vivo.
Discussion
In the present study, we have demonstrated that photo-
receptor degeneration modulates the molecular path-
ways underlying the regulation of neurotrophin receptor
genes in both neural and glial retinal cells. We also pro-
posed the possible mechanism by which these cells
communicate with the surrounding cells during retinal
degeneration. Furthermore, we suggest the new thera-
peutic concept that modification of the glia±neuron net-
works can prevent or delay the process of neurodegen-
eration in vivo.
Neurotrophin Receptor Gene Expressions
in the Rat Retina
Previous work has established that exposure to con-
stant light induces photoreceptor cell death (Noell, 1980;
Harada et al., 1996, 1998a; Hafezi et al., 1997; Reme et
al., 1998). Using this model, LaVail and coworkers (1992) Figure 5. Differential Responses of MuÈ ller Glial Cells against Neuro-
trophic Factors In Vitrofound that intravitreal pretreatment with brain-derived
(A) Cultured MuÈ ller cells from P35 rat retina double labeled byneurotrophic factor (BDNF), NT-3, CNTF, and bFGF may
chromophore-coupled antibodies recognizing vimentin (green) anddelay photoreceptor degeneration. However, given that
GLAST (red).neurotrophin receptors are absent from rat photorecep-
(B) Gene expression of neurotrophin receptors in cultured MuÈ llertors (Chakrabarti et al., 1990; Rickman and Brecha, 1995; cells.
Ugolini et al., 1995; Rickman and Rickman, 1996; Celle- (C) Quantitative analysis of bFGF mRNA production in MuÈ ller cells.
rino and Kohler, 1997), the mechanism(s) by which BDNF (D) Quantitative analysis of bFGF protein levels in the culture media.
Results of three independent experiments are presented as mean 6and NT-3 promote photoreceptor survival remains un-
SEM (*p , 0.05, **p , 0.01, Student's t test). Note the oppositeclear. Our present work demonstrated the expression of
effect of NGF and NT-3 for bFGF production and release from MuÈ llerthe trkC gene in light-degenerated rat photoreceptors.
cells.
Thus, photoreceptor survival in rat retina may be partly
the result of direct effect of NT-3 (Figure 8). In fact, NT-3
is the only neurotrophin localized to rat photoreceptors
Neuron
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Figure 6. Blockade of p75NTR Rescues Photo-
receptor Degeneration
(A±C) Representative photomicrographs of
photoreceptor rescue.
(A) P42 normal retina.
(B) Control retina exposed to constant light
from P2 to P42.
(C) The opposite eye of the same rat as in (B)
injected with REX at P21 and P28.
(D±F) Electroretinograms (ERGs) of (A±C).
ONL thickness and dark-adapted ERG re-
sponse from REX-treated rat (C and F) is par-
tially recovered compared with those of con-
trol rat (B and E).
(G) Measurements of ONL thickness in rats
at P21, P31, and P42. Light-reared rats were
treated with REX at P21 (open triangles), REX
at P21 and P28 (closed triangles), or normal
rabbit IgG at P21 and P28 (closed circles).
(H) Measurements of ONL thickness along the
vertical meridian of the eye from the optic
nerve head (ONH) to the ora serrata in rats at
P42. Closed squares indicate normal, un-
treated retina. Retinae from light-reared rats
were treated with REX (closed triangles) or
normal rabbit IgG (closed circles) at P21 and
P28.
(G and H) Results of four independent experi-
ments are presented as mean 6 SEM (*p ,
0.01, Student's t test).
Abbreviations: ONL, outer nuclear layer; INL,
inner nuclear layer; GCL, ganglion cell layer.
Scale bar, 30 mm.
(Vecino et al., 1998). On the other hand, we could not point of view, photoreceptor cell survival during retinal
degeneration may also be regulated in an indirect man-detect trkA and trkB genes in both normal and light-
degenerated rat photoreceptors (Figure 1C). Because ner through glial cells (Figure 8). This hypothesis was
confirmed by structural and functional rescue of photo-BDNF and NT-3 are similarly effective in rescuing rat
photoreceptors (LaVail et al., 1992), there would have receptors after treatment with REX antiserum and in-
creased apoptosis after treatment with K252a and NT-3to be more than one mechanism for a photoreceptor
survival-promoting system in vivo. blocking antibody (Figure 3 and Table 1).
Neurotrophins are thought to be produced within ret-
ina, or transported to retina from other sites (von Bar-Active Roles of Functional Glial±Neuronal
Interactions during Neurodegeneration theld, 1998), although the details are still unknown. In
this study, we demonstrated that NGF decreased butThe concept of glial±neuronal cell interactions in retina
has been previously proposed during development. For REX increased bFGF production both in vivo and in vitro
(Figures 4 and 5). These results suggest that both NGFexample, fetal calf serum stimulates the proliferation of
MuÈ ller cells, which indirectly arrests rod differentiation and p75NTR may be necessary for the bFGF reduction.
One of the potential sources for NGF within retina mayby releasing leukemia inhibitory factor (Neophytou et
al., 1997). In addition, Wexler et al. (1998) recently pro- be microglia (Frade and Barde, 1998). In fact, we have
posed a similar scheme in which BDNF indirectly in-
creased retinal bipolar cell survival in vitro by acting
through p75NTR in MuÈ ller cells. The communication be- Table 2. ERG Responses
tween MuÈ ller cells and retinal neurons indicates that
a-Wave b-Wave b/aMuÈ ller cells play an active role in retinal function. How-
Rat n Amplitude (mV) Amplitude (mV) Amplitude Ratioever, the function of glia±neuron networks during neuro-
Controla 20 386 6 104 423 6 91 1.2 6 0.4degeneration has not been determined. Our present
Light-reared 12 n.d. n.d. Ðwork demonstrated that MuÈ ller cells can alter bFGF pro-
REX 12 115 6 33 265 6 82 2.4 6 0.7duction in response to exogenous NGF and NT-3 in vitro
Control rats were reared under 12 hr light: 12 hr dark cycle.(Figure 5). bFGF is known to stimulate rat photoreceptor
a Control and light-reared animals were injected with normal rabbitsurvival directly through FGF receptors (Fontaine et al.,
IgG.1998) and to prevent photoreceptor degeneration pro-
n.d., not detectable.
duced by constant light (LaVail et al., 1992). From this
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the promising therapeutic targets for various kinds of
neurodegenerative diseases. Of course, we cannot ex-
clude the possibility that other possibly unknown growth
factors, cytokines, or free radical agents produced by
glial cells may affect neural cell fate. We are presently
investigating these issues in several other species as
well as in rat.
Phototoxicity and Retinal Degeneration
In the past decade, the problem of phototoxicity has
been a subject of increased awareness and interest
(Glass, 1990; Brash, 1996). In one type of RP, the pa-
tients' history of light exposure was implicated in theFigure 7. Absence of p75NTR Partially Prevents Light-Induced Retinal
time course of photoreceptor degeneration, forcing theseApoptosis
patients to wear dark sunglasses when out of doorsSoluble nucleosomes were quantified in retinae from C57BL/6J
(p751/1) and p75NTR knockout (p752/2) mice. For each determination, (Fishman, 1986). In normal eyes, retinal phototoxicity
the absorbance obtained in control p751/1 mice was normalized to can occur following cataract surgery, so light-blocking
a value of 1. Results of six independent experiments are presented corneal covers are used at every opportunity during
as mean 6 SEM (*p , 0.05, Student's t test). Note the reduced
surgery to minimize the risk of iatrogenic retinopathyretinal apoptosis in light-reared p752/2 mice compared with p751/1
(Khwarg et al., 1987; Minckler, 1995). A new pathway ofmice.
light-induced photoreceptor apoptosis via p75NTR, and
its rescue by blocking this receptor, may provide a basis
determined that retinal microglia invade into outer retina, for routine treatment of various forms of phototoxicity.
and release NGF during photoreceptor degeneration Consequently, photoreceptor rescue and neuroprotec-
(our unpublished data). In contrast to NGF, exogenous tion are topics of current interest for establishing thera-
NT-3 increased bFGF production both in vivo and in peutic approaches (Papermaster and Windle, 1995;
vitro (Figures 4 and 5). In addition, we recently found Travis, 1998). Our work suggests that inhibition of p75NTR
that microglia produce large quantities of NT-3 during not only prevents photoreceptor loss but also leads to
retinal degeneration (our unpublished data), which may morphological and biochemical changes associated
be utilized for the direct stimulation of photoreceptor with a net increase in ERG responses (Figure 6). Because
survival. Furthermore, microglia-derived NT-3 may indi- apoptotic cell death is the final common pathway for
rectly increase bFGF production by activating TrkC in photoreceptors in all animal models of RP and light-
MuÈ ller cells, which in turn accelerate photoreceptor res- induced retinal degeneration (Steele and O'Tousa, 1990;
cue. These findings suggest the involvement of glia±glia Chang et al., 1993; Portera-Cailliau et al., 1994; Tso et
interactions (Newman and Reichenbach, 1996) as well al., 1994; Hafezi et al., 1997; Davidson and Steller, 1998;
as glia±neuron interactions during photoreceptor de- Reme et al., 1998), blockade of p75NTR may be a useful
generation in vivo. Thus, these networks may be also strategy for the prevention of late-stage phototoxicity,
and may potentiate the survival of photoreceptors in




Experiments were performed using Wistar rats, C57BL/6J mice, and
p75NTR knockout mice (purchased from the Jackson Laboratory) in
accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Animals were maintained in either
a 12 hr light/dark cycle (LD 12:12) or 24 hr of constant illumination.
Light intensity inside the cages ranged from 100 to 200 lux under
LD 12:12, whereas 800 to 1300 lux was used for 24 hr of constant
illumination to effect light-induced retinal degeneration in Wistar
rats (Harada et al., 1996, 1998a).
Cell Culture
MuÈ ller cells were isolated from P35 rat eyes and cultured according
to an established protocol (Hicks and Courtois, 1990). These culture
cells were immunocytochemically determined by a rabbit polyclonal
Figure 8. Model of Glial±Neuronal Interaction in the Light-Degener- antibody against GLAST (1.0 mg/ml) (Harada et al., 1998b) and dou-
ated Retina ble-stained by mouse monoclonal antibody against vimentin
(Zymed; 13) (Figure 5A). Total RNA was prepared from the cellsNT-3 increases bFGF production via TrkC in MuÈ ller glial cells, which
may rescue photoreceptors. Contrarily, NGF reduces bFGF produc- stimulated or unstimulated with 100 ng/ml of recombinant NGF or NT-3
for 24 hr. K252a (Kyowa Hakko; 100 ng/ml), NT-3 blocking antibodytion via p75NTR, which may lead to photoreceptor cell apoptosis. In
addition, TrkC expression in degenerating photoreceptors may be (Chemicon; 1 mg/ml), and REX antisera (courtesy of L. F. Reichardt;
diluted 1:100) were added 30 min before NGF or NT 3 treatment. bFGFnecessary to achieve the direct effect of NT-3.
Neuron
540
concentration in culture media (Figure 5D) was quantified by an tant was used to quantitate protein concentration by Lowry's
method, and the rest was diluted 1:10 in the supplied buffer andenzyme-linked immunosorbent assay (ELISA) (R&D).
processed. Absorbance values ranged between 0.1 and 1.0 and were
normalized with respect to the values obtained with control retinae.Laser Capture Microdissection
LCM was performed as described (Luo et al., 1999) with modifica-
Electroretinogramstions. Fifty frozen sections 7 mm thick were made from each P35
The ERGs were obtained as previously described (Harada et al.,eye and stained with hematoxylin. LCM system LM200 (Olympus,
1998b). White test flashes of 10 ms duration, with an intensity ofTokyo) was used for laser capture. Following the manufacturer's
112 6 1.15 cd/m2/s or 336 6 10.06 cd/m2/s, were presented. Aprotocols, samples were obtained from the ONL (Figure 1A) or INL,
bandpass frequency setting of 1±1000 Hz was used to record theavoiding contamination from neighboring layers. Total RNA was
a- and b-waves.extracted from the LCM samples from three independent animals
in both the normal and light-reared groups.
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